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Abstract
Regulation of bacterial motility to maximize nutrient acquisition or minimize exposure to harmful 
substances plays an important role in microbial proliferation and host colonization. The technical 
difficulties of performing high-resolution live microscopy on anaerobes have hindered mechanistic 
studies of motility in Clostridioides (formerly Clostridium) difficile. Here, we present a widely 
applicable protocol for live cell imaging of anaerobic bacteria that has allowed us to characterize 
C. difficile swimming at the single-cell level. This accessible method for anaerobic live cell 
microscopy enables inquiry into previously inaccessible aspects of C. difficile physiology and 
behavior. We present the first report that vegetative C. difficile are capable of regulated motility in 
the presence of different nutrients. We demonstrate that the epidemic C. difficile strain R20291 
exhibits regulated motility in the presence of multiple nutrient sources by modulating its 
swimming velocity. This is a powerful illustration of the ability of single-cell studies to explain 
population-wide phenomena such as dispersal through the environment.
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Introduction
The gram-positive bacterium Clostridioides (formerly Clostridium) difficile was identified as 
a human pathogen in 1978 and classified by the Centers for Disease Control as an ‘urgent’ 
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public health threat in 20131,2. C. difficile has become the most prevalent cause of hospital-
acquired infections in the United States, and C. difficile infection (CDI) in the United States 
contributes to 46,000 deaths and $6B in economic costs annually3–5. In the past two 
decades, the emergence of epidemic strains associated with increased rates of CDI 
transmission, recurrence, and mortality has compounded the public health threat presented 
by C. difficile5–11. CDI is spread between patients by spores, C. difficile cells that have 
differentiated into a metabolically dormant, highly resilient form that is impervious to 
chemical disinfectants and ethanol-based sanitizers12. Due to the fact that C. difficile is an 
obligate anaerobe in its metabolically active, or vegetative, form, microscopic information 
about microbial behavior is limited13,14.
Most C. difficile strains produce flagella and are motile, capable of swimming through 
liquid or semi-solid media15. C. difficile is also capable of flagellum-independent movement 
upon solid surfaces via the extension and retraction of Type IV pili16. Disruption of either 
flagellum or pilus genes reduces the ability of C. difficile to colonize animal hosts 17,18 
Motility assays measuring the ability of C. difficile strains to swim through soft agar 
medium have shown that the epidemic-associated, ribotype 027 strain R20291 disperses via 
motility more quickly than the historical 630Δerm strain, but it is not known whether this 
plays a role in the observed higher virulence of R20291 within mammalian hosts 6,11,15,19.
Many motile bacteria can regulate their motility in response to extracellular signals by 
regulating the activity of the motor complexes that rotate their flagella 20,21. Sustained 
periods of flagellar rotation result in unidirectional ‘runs’ by the cell, while transient 
changes in rotational direction or speed result in ‘tumbles’ that randomly reorient bacterial 
cells to run in new directions22–29. Long runs result in bacterial dispersal, while frequent 
tumbles shorten run length and geographically constrain the cells22,26. The speed of flagellar 
rotation can also affect bacterial dispersal, as slower rotation results in less 
displacement23,27,30. Bacteria can alter their tumbling frequency and/or their velocity to bias 
their motility towards a more concentrated source of nutrients or other chemoattractant, or to 
limit their exposure to toxic or growth-inhibiting substances such as phenols or 
alcohols20,30. In many intestinal pathogens, including Helicobacter pylori, Salmonella 
Typhimurium, and Vibrio cholerae, directional motility to or through the mucus layer that 
coats the intestinal epithelium is necessary for full virulence31–38.
C. difficile is highly responsive to nutrient availability in its environment. Toxin production 
in vitro is repressed or stimulated by the nutrient content of the growth medium, and disease 
severity within animal hosts may be affected by host dietary restriction39–43. The protection 
against C. difficile infection provided by a robust community of commensal gut bacteria 
depends at least partially on those bacteria metabolizing the available nutrients in the large 
intestine so efficiently that C. difficile cannot establish colonization44–46. Disruption of the 
gut microbiota by antibiotic treatments, the major clinical risk factor for CDI, causes a 
transient increase in nutrient availability as the gut bacterial ecosystem is perturbed, creating 
a metabolic niche for C. difficile47–49. C. difficile readily metabolizes monosaccharides, 
which are not highly prevalent in mammalian large intestines unless the native gut 
microbiota have been disrupted by prior antibiotic exposure45,48,50. In an in vitro model of 
this nutrient-based colonization resistance, mouse intestinal flora inoculated into growth 
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medium made from the cecal contents of gnotobiotic mice deplete the carbohydrates and 
amino acids enough to prevent C. difficile replication44. Supplementation with the 
monosaccharides glucose, N-acetylglucosamine (GlcNAc), or N-acetylneuraminic acid 
(Neu5A) is sufficient to overcome this microbiota-dependent starvation and enable C. 
difficile cell division44. Both GlcNAc and Neu5A are components of intestinal mucus, and 
both serve as chemoattractants for the intestinal pathogen Vibrio cholerae51. Concentrations 
of Neu5A in the murine gut increase after treatment with antibiotics, suggesting that Neu5A 
contributes to favorable conditions for C. difficile colonization48.
Nutrient availability is a signal that regulates C. difficile gene transcription, spore formation, 
and metabolism of the second messenger molecule cyclic diguanylate, but nutrient 
regulation of motility has not previously been reported in this organism39–41,52,53. In this 
work, we present a technique that can be used to image anaerobic bacteria outside of an 
anaerobic chamber on nearly any inverted microscope. Obligate anaerobes can grow and 
survive in the imaging chamber for extended periods without succumbing to oxygen toxicity. 
We used this system to perform single-cell motility assays and demonstrate for the first time 
that C. difficile regulates its motility in the presence N-acetylneuraminic acid, a metabolite 
linked to C. difficile colonization in vivo. We report that this organism controls its motility 
in response to environmental cues by altering its swimming velocity during unidirectional 
runs rather than by modulating its tumble frequency. The ability to perform extended live 
cell microscopy on C. difficile on a standard microscope with no specialized attachments 
will provide new insights into vegetative C. difficile physiology and behavior and contribute 
to a more complete understanding of the stage of the C. difficile life cycle.
Materials and Methods
Bacterial strains and growth conditions
C. difficile strain R20291 was grown in brain heart infusion medium supplemented with 
yeast extract (5 g/L) (BHIS)54 in an anaerobic chamber at 37°C with an atmosphere of 85% 
N2, 10% CO2, 5% H2. Migration assays were performed in BHIS and BHIS with 0.3% agar 
supplemented with glucose, arabinose, or N-acetylneuraminic acid (Fisher Scientific) at the 
indicated concentrations. Growth curves were performed in BHIS supplemented with the 
indicated saccharides to a final concentration of 32 mM, inoculated 1:20 with saturated 
overnight culture of C. difficile R20291. Doubling times were calculated in Prism 
(GraphPad) software using non-linear curve fits to the exponential growth equation Y = 
Y0*exp (k*X) where Y0 is the initial optical density, Y is the measured optical density, and 
X is time. Doubling times were determined by fitting the data between 0 and 5 hours to 
exclude rollover into stationary phase.
Macroscopic motility assays
Migration assays were carried out in supplemented or unsupplemented BHIS with 0.3% 
agar. Arabinose, glucose, or N-acetylneuraminic acid was added to molten medium to the 
indicated final concentration. Plates were poured and allowed to solidify on the laboratory 
bench overnight, then transferred to the anaerobic chamber to equilibrate for 24 hours before 
use. Sterilized toothpicks were used for inoculation of individual colonies of R20291 into 
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the agar medium. Each toothpick was used to stab the soft agar plate twice to allow for 
duplicate measurements. Migration diameters were measured after 12 and 24 hours of 
incubation at 37°C. The mean diameters and standard deviations of the motility 
measurements of four biologically independent samples measured in duplicate are reported. 
One biological replicate was excluded from the 24 hour BHIS condition because the 
populations grew into each other and could not be measured separately. Migration in 
supplemented and unsupplemented BHIS at each time point was compared using two-way 
analysis of variance with Tukey’s multiple-comparison post-test.
Imaging chamber construction
Sealed rose chambers with gas impermeable gaskets were constructed to allow long-term 
imaging of anaerobic bacteria with an aerobic microscope as detailed in (55). Aluminum top 
and bottom plates with imaging windows were machined for use with a Nikon Ti-E inverted 
microscope and 25 mm square glass coverslips. Screw holes were milled into each corner. 
Gaskets were cut from 3 mm thick rubber with a central opening 18 mm in diameter and 
screw holes aligned to those in the aluminum chamber plates. Before use, all components 
were sterilized by soaking in 10% bleach for at least 60 minutes, rinsed in deionized water, 
and allowed to dry completely. The assembled imaging chamber holds a sample volume of 
approximately 800 μL and has internal surfaces of biologically inert glass and rubber.
Imaging chamber assembly
Rose chambers were assembled and screwed shut at the laboratory bench. Gaskets were 
placed between two glass coverslips and the resulting ‘sandwich’ was placed between the 
aluminum plates and sealed with screws. To inject materials into the chamber, 25 gauge (0.5 
mm) needles were inserted through opposite faces of the gasket with needle tips extending 
into the central opening. Chambers were taken into the anaerobic chamber with needles still 
inserted through the rubber gasket and allowed to equilibrate for 24 hours unless otherwise 
indicated in order to allow complete off-gassing of molecular oxygen.
Sample preparation for imaging
Starter cultures of C. difficile R20291 were grown overnight in BHIS medium. These 
cultures were diluted 1:50 and allowed to grow for three hours. The diluted culture (150 μL) 
was then mixed with 1.35 mL of fresh BHIS supplemented with the indicated concentration 
of N-acetylneuraminic acid. The sample was loaded into a syringe, then, holding the 
chamber vertically, the sample was injected through the bottom port of the chamber, until all 
gas escaped through the top needle. Both needles were removed, allowing the holes in the 
rubber gasket to reseal. The edges of the sealed imaging chamber were then wrapped in 
parafilm and removed from the anaerobic chamber, and the exterior of the chamber was 
sterilized with 10% bleach and 70% ethanol before imaging to prevent contamination of 
workspaces. Each chamber was transported to the microscope for imaging immediately upon 
assembling; microscopy began roughly 8 minutes after chamber assembly.
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Live-cell, time-lapse differential interference contrast (DIC) microscopy was performed on a 
Nikon Ti-E inverted microscope equipped with Nikon Perfect Focus System, apochromat 
TIRF 60X Oil Immersion Objective Lens (numerical aperture 1.49), a condenser (numerical 
aperture 0.52), pco.edge 4.2 LT sCMOS camera, and SOLA SE II 365 Light Engine as well 
as complementary DIC components. Stage temperature was maintained at 36.5°C +/− 0.5°C 
using a Nevtek Air Stream microscope stage warmer and home-built microscope enclosure. 
Movies were recorded using 100 ms exposures at a frame rate of 10 frame/s for 10 seconds. 
Three movies at independent, randomly selected locations were recorded for each sample. 
At least three biologically independent samples were imaged in each medium condition. The 
first ten cells to enter each viewing field were analyzed, resulting in 84–90 cells analyzed 
per medium condition. Data shown are means and standard deviations of all cells analyzed 
in a given condition.
Imaging chamber decontamination
When imaging was completed, the microscope stage and sample holder were wiped down 
with 10% bleach and 70% ethanol. The parafilm wrap was placed into biohazard waste and 
the intact sample chamber was submerged in a 50% bleach solution. The chamber was 
disassembled while submerged and all the components were allowed to soak for 10 minutes. 
Coverslips were removed and discarded as biohazardous waste. Aluminum and rubber 
components were rinsed with deionized water and then soaked in 117 mM sodium 
thiosulfate for 30 minutes to neutralize any residual bleach. Components were then washed 
with ethanol and dried before being used again. Rubber gaskets were discarded after 3 uses 
(6 piercings) or if the coverslip did not easily dissociate during the bleach soak. Metal 
hardware can be reused indefinitely, if properly cared for.
Data Analysis
Image analysis was performed using Fiji/ImageJ56. The line segment tool was used to 
measure unidirectional displacement of each bacterial cell over time. Each reorientation was 
considered the culmination of a run and the start of a new run. The movement of at least ten 
cells was documented during each movie. The run lengths, run durations, and number of 
tumbles were recorded for each cell. For run length analysis, only runs whose beginnings 
and ends occurred within the field of view and plane of focus were considered. Swimming 
velocity was calculated by dividing individual run lengths by the elapsed time of the run. Net 
displacement of a cell was calculated by measuring the distance between a given cells 
starting and ending position over the length of the observation window. Displacement, run 
length, cellular velocity, and tumbling frequency at each of the indicated concentrations of 
N-acetylneuraminic acid were compared by one-way analysis of variance using Tukey’s 
multiple comparison test. Statistical analysis was performed using Prism (GraphPad version 
6.0c).
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Clostridioides difficile exhibits regulated motility in the presence of nutrients
Regulated motility allows bacteria to preferentially travel towards areas of greater attractant 
concentration. If nutrients or other attractants are uniformly present throughout a bacterial 
growth medium, their presence will suppress bacterial swimming away from the site of 
inoculation, as cells will be less ‘motivated’ to seek additional nutrient sources57. The C. 
difficile genome contains a single predicted methyl-accepting chemotaxis protein 
(CDR20291_0463) within a putative chemotaxis operon (CDR20291_0458 to 
CDR20291_0467), suggesting that C. difficile may regulate its flagellar motility in response 
to nutrients. As N-acetylneuraminic acid (Neu5A) is positively associated with C. difficile 
growth in animal models 44,48, we tested its effect on C. difficile motility to determine 
whether Neu5A affects the motility of this organism. We similarly tested the effect of 
medium supplementation with glucose. To control for the possibility that Neu5A and 
glucose were changing the osmolarity of the medium in addition to serving as nutrient 
sources, we also tested the effect of supplementation with arabinose, which C. difficile 
cannot metabolize58. When individual colonies of C. difficile R20291 were inoculated into 
BHIS medium with 0.3% agar, which has a viscosity similar to that of intestinal mucus59–61, 
cells spread symmetrically through the agar. Medium supplementation with 1% of any 
carbohydrate reduced motility after 12 hours, with 1% glucose reducing migration by 33% 
and 1% Neu5A reducing migration 85% (Figure 1A). Supplementation with arabinose 
reduced motility 18% after 12 hours, indicating that addition of additional solutes to a 
growth medium can suppress motility slightly even when those solutes are not metabolically 
available for catabolism (Figure 1A). After 24 hours of migration through 0.3% agar, 
supplementation with arabinose has no significant effect on migration diameter, suggesting 
that C. difficile has successfully adapted to the nutrient-independent effects of medium 
supplementation. Supplementation with 1% glucose reduces 24 hour migration from the 
inoculation site by 22%, and supplementation with 1% Neu5A reduces it by 69%, indicating 
the presence of metabolically accessible nutrients inhibits C. difficile dispersal through the 
environment (Figure 1B,F). To ensure that the observed motility differences upon 
supplementation with 1% saccharide were not due to discrepant molar concentrations of the 
supplements, we repeated these motility assays with 32 mM arabinose and glucose, the 
molar concentration of 1% Neu5A. We found that neither arabinose nor glucose at 32 mM 
had any significant effect on motility through soft agar (Figure 1 C, D). None of the 
indicated sugars slowed growth in liquid culture at 32 mM, confirming that the observed 
effects of nutrient supplementation in soft agar are due to inhibition of motility rather than a 
reduction in cell replication (Figure 1E, Figure S1, Table 1). These results are consistent 
with C. difficile sensing local nutrient availability and reducing its motility away from 
locations in which nutrients are abundant.
Rose chambers allow long-term imaging of live C. difficile on a standard inverted 
microscope
To conduct microscopic analysis of C. difficile motility on a standard inverted microscope, 
we utilized a rose chamber. This approach involves assembling metal plates to sandwich a 
rubber gasket with a central hole between two coverslips to create a self-contained imaging 
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chamber (Figure 2A)55,62. The rubber gasket can be pierced with a standard needle, allowing 
gas and fluid exchange with the surrounding environment. Placement of a second needle 
vents displaced air, allowing sample injection into an assembled chamber (Figure 2B). 
Importantly, the gasket seals itself upon removal of the needles. Assembled chambers can be 
equilibrated in the anaerobic chamber and injected with a sample of cells in desired media. 
When needles are removed the bacteria are sealed inside a portable anaerobic environment. 
The chamber was placed on the microscope and maintained at 37°C. Within this device, C. 
difficile cells exhibited cell growth and division for extended periods. Images were recorded 
at various time points while the cells grew. After 6 hours within the rose chamber, bacteria 
were visually confirmed to continue swimming and increase in cell density, confirming that 
the rose chambers maintain C. difficile viability during this timeframe (Figure 2C).
Single-cell analysis of C. difficile motility
In order to measure motility in different media, rather than cell growth, we recorded fast 
time-lapse videos immediately following chamber assembly. Recordings were completed 
within 15 minutes of chamber assembly. To prepare culture for imaging a saturated 
overnight culture was diluted 1:50 into fresh media and allowed to acclimate for three hours, 
comparable to the lag phase C. difficile cells exhibit between inoculation into fresh media 
and the onset of exponential growth (Figure 1E). Chambers were filled with 1:10 dilutions of 
exponential culture.
To quantify bacterial motility within the rose chamber, we measured net displacement, 
unidirectional run length, velocity during unidirectional runs, and tumble frequency of at 
least ten randomly selected cells within each movie. Velocity during unidirectional run and 
net displacement during the 10 second runs were also measured; as some cells tumbled to 
change direction one or more times, net displacement was sometimes less than total distance 
travelled. In BHIS medium, individual C. difficile R20291 cells traveled with an average 
velocity of 21.3 μm/s and exhibited an average net displacement of 88.4 μm over the course 
of 10 seconds (Movie 1) (Figure 3). The majority of the cells analyzed (53.4%), exhibited no 
tumbling within 10 second analysis windows; of the subset that did tumble, the average 
tumbling frequency was 0.32/s (Figure 4).
To determine whether the suppressive effect of Neu5A on C. difficile motility observed in 
entire populations (Figure 1) could be detected in single cells, we quantified motility of 
individual cells through medium supplemented with 10 mM, 16 mM, 25 mM, and 32 mM 
(corresponding to 1%) N-acetylneuraminic acid. Supplementation with 10 mM Neu5A had 
no significant effect on net displacement, while 16 mM Neu5A caused a small but 
significant increase in displacement. Increasing concentrations of Neu5A had an inhibitory 
effect on displacement. Supplementation with 25 mM Neu5A reduced net displacement 20% 
from 88.4 μm to 71.0 μm, and 50 mM Neu5A further reduced displacement 78% to 19.1 μm 
(Figure 3A). This reduction in single-cell motility is consistent with the lower-resolution 
migration analysis performed on agar plates (Figure 1), validating the microscopic approach.
To determine whether the reduction in cellular displacement in the presence of Neu5A is due 
to reduced swimming speeds, we quantified the velocities of individual cells. As time spent 
reorienting during a tumble decreases net displacement during a given period of motility, we 
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measured run velocity only during unidirectional runs (defined as three or more consecutive 
frames of movement in the same direction) and excluded frames in which cells were altering 
the direction of their movements. By quantifying run velocity in this way, we observed that 
supplementation with Neu5A reduced swimming velocity in a dose-dependent manner. 10 
mM and 16 mM Neu5A had no significant effect on swimming velocity, but 
supplementation with 25 mM Neu5A reduces velocity 26%, from 21.3 μm/s to 15.8 μm/s, 
and supplementation with 50 mM Neu5A nearly halted motility, reducing velocity 75% to 
5.4 μm/s (Videos 2–5) (Figure 3B).
Reduced swimming velocity is not the only mechanism by which bacterial cells can limit 
their dispersal away from nutrients. Many bacteria stay ‘in place’ through increased 
tumbling, shortening their unidirectional run length. To determine whether C. difficile alters 
its tumble frequency as well as its run velocity, we quantified the reorientations of individual 
cells (see Video 1, 8.5 seconds for an example). Because not all of the cells analyzed 
remained in-frame for the full ten seconds of recording, we reported the number of tumbles 
per second of recorded motility. We found that the average tumble frequency was not 
significantly affected by supplementation with any concentration of Neu5A (Figure 4A). 
The majority of the cells observed did not tumble during 10 second observation windows, 
and nutrient supplementation did not have any appreciable effect on this (Figure 4B). Of the 
subset of cells that did tumble, the addition of Neu5A actually appeared to decrease tumble 
frequency. The majority of the tumbling cells in all medium conditions tumbled 0.1–0.25 
times/sec. Only 7.3% of cells incubated in 32 mM Neu5A tumbled more than 0.25 times/s, 
compared to 10–20% of the cells in other media conditions, and none exceeded 0.5 
tumbles/s, compared to 4–10% of the cells in other conditions (Figure 4B). The average 
reorientation frequency of tumbling cells in 1% Neu5A was 0.22 tumbles/s, lower than 0.32 
tumbles/sec in unsupplemented BHIS or in any of the lower Neu5A concentrations (Figure 
4C). While these differences were not statistically significant, they do demonstrate that C. 
difficile sensing of Neu5A does not increase tumbling frequency and rules this out as a 
mechanism for Neu5A-dependent reduction of motility.
Conclusions
It is clear that C. difficile suppresses its motile dispersal through the environment when in 
nutritionally favorable conditions. When added to semisolid growth medium at 1%, both 
Neu5A and glucose are capable of reducing C. difficile motility at the population level, 
while the non-metabolizable saccharide arabinose has no sustained effect over 24 hours. The 
molar concentration needed to reduce motility is higher for glucose (55 mM at 1 %) than for 
Neu5A (32 mM at 1%). As Neu5A supplies nitrogen as well as carbon, it is unclear whether 
its more potent effect on motility is specific or is a more general read-out of the bacterium’s 
global metabolic state. This organism does encode predicted chemotaxis genes, so it is 
possible that this regulation contributes to directional motility in the presence of gradients. 
More extensive future studies could identify potential nutritional regulators of C. difficile 
motility and the role of its putative chemoreceptor.
Single cell motility analysis on a microscope and population-level migration assays on agar 
plates lead to the same conclusion—that the infection-associated nutrient Neu5A suppresses 
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C. difficile motility. However, the microscopy method yields the additional information that 
the observed decrease in C. difficile dispersal observed in the presence of Neu5A can be 
attributed entirely to a decrease in swimming velocity and not to any increase in tumbling 
frequency. Indeed, cellular displacement decreases despite a slight observed decrease in 
tumbling frequency. The microscopy method also uses significantly smaller quantities of 
reagent. This study illustrates the utility of live microscopy and single cell analysis in 
investigating bacterial behavioral phenotypes. The use of rose chambers to image anaerobic 
bacteria on a standard inverted microscope allows the rapid collection of mechanistic data 
that were previously very difficult to access. In the future, this technique will allow 
assessment of C. difficile responses to other nutrient sources, to environmental stresses, and 
even to mammalian cells, providing novel insights into the physiology and behavior of 
vegetative C. difficile.
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Live anaerobic bacteria can be imaged on a standard microscope.
Clostridium difficile modulates its swimming velocity in response to nutrient availability.
The gastric mucus component N-acetylneuraminic acid regulates C. difficile motility.
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Figure 1. C. difficile motility through soft agar is constrained by nutrients.
(A,B) Migration of C. difficile R20291 through semi-solid BHIS supplemented with 1% 
arabinose (ARA), glucose (GLU), or N-acetylneuraminic acid (Neu5A). (C,D) Migration of 
C. difficile R20291 through semi-slid BHIS supplemented with 32 mM arabinose (ARA) or 
glucose (GLU), equimolar to 1% Neu5A. Motility diameters were measured 12 (A,C) or 24 
(B,D) hours after inoculation by stabbing. Measurements represent the means and standard 
deviations of four biologically independent swarms per condition, measured in duplicate. 
Motility in each supplemented medium was compared to motility in BHIS-agar by unpaired 
t-test; n.s. not significant, * p < 0.05, ** p < 0.01 **** p < 0.0001. (E) Growth of C. difficile 
R20291 in liquid BHIS with or without supplementation with 32 mM of the indicated 
saccharides. (F) Representative images of C. difficile R20291 24 hours after inoculation into 
BHIS 0.3% agar in the presence (left) or absence (right) of 1% Neu5A. Scale bars indicate 
10 mm.
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Figure 2. Extended live-cell microscopy of C. difficile R20291.
(A) Side view of rose chamber assembly. Aluminum top and bottom plates (black) are 
screwed together to hold the chamber together. A gas impermeable gasket (grey) is used to 
contain the sample between two cover slips (blue) and to prevent oxygen poisoning of the 
sample. (B) Top view of rose chamber assembly. (C) Growth of Clostridioides difficile 
R20291 within the imaging chamber in BHIS medium. Growth and motility of bacteria were 
observed while sealed in the imaging chamber and kept at 37 °C. Panels show time course of 
0, 2, 4, and 6 hours as indicated. Scale bar indicates 10 μm.
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Figure 3. Nutrient supplementation reduces net displacement and linear run velocity.
(A) Net cell displacement of C. difficile R20291 within 10 seconds in BHIS containing the 
indicated concentration of Neu5A. (B) Linear swimming velocity during unidirectional runs 
in BHIS-agar containing the indicated concentration of Neu5A. Shown are the means and 
standard deviations of 49–146 cells per condition. Displacement and velocity of cells in 
supplemented media were compared to those in unsupplemented BHIS by one-way analysis 
of variance using Tukey’s multiple comparison test. n.s. not significant; **** p < 0.0001.
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Figure 4. Nutrient effect on C. difficile R20291 tumbling.
(A) Tumble frequency of C. difficile R20291 in BHIS supplemented with the indicated 
concentration of Neu5A. Tumble counts were normalized by the duration of each individual 
cell’s motility to control for cells that swam out of the field of view during the 10 second 
counting interval. (B) Percentage of the total cells exhibiting the indicated number of 
tumbles/second in each condition. (C) Normalized tumbling frequency of the cells that 
exhibited a non-zero rate of tumbling. Shown are the means and standard deviations of 49–
146 cells per condition. Tumble frequencies of all cells and of tumbling cells in each 
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medium condition were compared to those in unsupplemented BHIS by one way analysis of 
variance using Tukey’s multiple comparison test. n.s. not significant.
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Table 1.
Doubling times of C. difficile R20291 in BHIS with 1% supplementation.





Doubling times were calculated between 0 and 5 hours of growth in the indicated media.
Anaerobe. Author manuscript; available in PMC 2020 October 01.
